The mission of the U.S. Geological Survey (USGS) is to assess the quantity and quality of the earth resources of the Nation and to provide information that will assist resource managers and policymakers at Federal, State, and local levels in making sound decisions. Assessment of water-quality conditions and trends is an important part of this overall mission.
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Sources and Loads of Nutrients in the South Platte River, Colorado and Nebraska, 1994 95 By David W. Litke
ABSTRACT
The South Platte River Basin was one of 20 river basins selected in 1991 for investigation as part of the U.S. Geological Survey's National Water-Quality Assessment (NAWQA) Program. Nationwide, nutrients have been identified as one of the primary nationwide water-quality concerns and are of particular interest in the South Platte River Basin where nutrient concentrations are large compared to concentrations in other NAWQA river basins. This report presents estimates of the magnitude of nutrient-source inputs to the South Platte River Basin, describes nutrient concentrations and loads in the South Platte River during different seasons, and presents comparisons of nutrient inputs to instream nutrient loads.
Annual nutrient inputs to the basin were estimated to be 306,000 tons of nitrogen and 41,000 tons of phosphorus. The principal nutrient sources were wastewater-treatment plants, fertilizer and manure applications, and atmospheric deposition.
To characterize nutrient concentrations and loads in the South Platte River during different seasons, five nutrient synoptic samplings were conducted during 1994 and 1995. Upstream from Denver, Colorado, during April 1994 and January 1995, total nitrogen concentrations were less than 2 milligrams per liter (mg/L), and total phosphorus concentrations were less than 0.2 mg/L. The water in the river at this point was derived mostly from forested land in the mountains west of Denver. Total nutrient concentrations increased through the Denver metropolitan area, and concentration peaks occurred just downstream from each of Denver's largest wastewater-treatment plants with maximum concentrations of 13.6 mg/L total nitrogen and 2.4 mg/L total phosphorus. Nutrient concentrations generally decreased downstream from Denver.
Upstream from Denver during April 1994 and January 1995, total nitrogen loads were less than 1,000 pounds per day (Ib/d), and total phosphorus loads were less than 125 Ib/d. Total nutrient loads increased through the Denver metropolitan area, and load peaks occurred just downstream from each of Denver's largest wastewater-treatment plants, with a maximum load of 14,000 Ib/d total nitrogen and 2,300 Ib/d total phosphorus. In April 1994, nutrient loads generally decreased from Henderson, Colorado, to North Platte, Nebraska. In January 1995, however, nutrient loads increased from Henderson to Kersey, Colorado (maximum loads of 31,000 Ib/d total nitrogen and 3,000 Ib/d total phosphorus), and then decreased from Kersey to North Platte.
Seasonal nutrient loads primarily were dependent on streamflow. Total nitrogen loads were largest in June 1994 and January 1995 when streamflows also were largest. During June, streamflow was large, but nitrogen concentrations were small, which indicated that snowmelt runoff diluted the available supply of nitrogen. Total phosphorus loads were largest in June, when streamflow and phosphorus concentrations were large, which indicated an additional source of phosphorus during snowmelt runoff. Streamflow along the South Platte River was smallest in April and August 1994, and nutrient loads also were smallest during these months.
The downstream pattern for nutrient loads did not vary much by season. Loads were large at Henderson, decreased between Henderson and Kersey, and usually were largest at Kersey. The magnitude of the decrease in loads between Henderson and Kersey varied between synoptics and was dependent on the amount of water removed by irrigation ditches. Nutrient loads leaving the basin were veiy small compared to the estimated total nutrient inputs to the basin.
INTRODUCTION
In 1991, the U.S. Geological Survey (USGS) began to implement the full-scale National WaterQuality Assessment (NAWQA) Program. The goals of the NAWQA Program are to describe the status and trends in the quality of a large, representative part of the Nation's surface-and ground-water resources and to provide a sound, scientific understanding of the primary natural and human factors affecting the quality of these resources (Leahy and others, 1990) . The South Platte River Basin was among the first 20 NAWQA study units selected for study under the full-scale implementation plan (Dennehy, 1991) .
Nutrients are essential substances for plant growth and were identified as one of the primary waterquality concerns in the Nation. Nutrients are of particular interest in the South Platte River Basin because they occur in large concentrations; a comparison of historical nutrient-concentration data determined that nitrate and phosphorus concentrations in the South Platte River Basin were among the largest in the first 20 NAWQA study units (Mueller and others, 1995) .
In water, nutrients are dissolved or can be attached to suspended sediment, suspended organic matter, and bottom materials. Because dissolved nutrients can be rapidly assimilated by plants, their concentrations in natural water usually are small. Nutrients can be adsorbed to or released from sediment or organic matter. Excessive concentrations of nutrients in rivers, lakes, and reservoirs can accelerate the growth of algae and other aquatic plants, causing problems such as clogged pipelines, fishkills, and restricted recreation. Phosphorus generally is the controlling factor for reservoir eutrophication, and the U.S. Environmental Protection Agency (USEPA) has recommended that total phosphorus concentrations be less than 0.1 mg/L in rivers and less than 0.05 mg/L where rivers enter lakes and reservoirs (U.S. Environmental Protection Agency, 1986). The USEPA also has set a maximum contaminant level (MCL) of 10 mg/L for nitrate, as nitrogen, in drinking water (U.S. Environmental Protection Agency, 1990).
Purpose and Scope
This report presents estimates of the magnitude of nutrient-source inputs to the South Platte River Basin, describes nutrient concentrations and loads in the South Platte River during different seasons, and presents comparisons of nutrient inputs to instream nutrient loads. Nutrient samples were collected before the irrigation season (April 1994), during the irrigation season (May, June, and August 1994) , and after the irrigation season (January 1995). Samples were collected from among 41 sites located on the South Platte River and its tributaries from Denver, Colorado, to North Platte, Nebraska. Nitrogen and phosphorus species are the nutrients discussed in this report and include dissolved ammonium, dissolved nitrite, dissolved nitrite plus nitrate, dissolved organic nitrogen, total organic nitrogen, dissolved phosphorus, and total phosphorus. In this report, all nitrogen species are reported as nitrogen, and all phosphorus species are reported as phosphorus.
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DESCRIPTION OF BASIN
The South Platte River Basin ( fig. 1 ) has a drainage area of about 24,300 mi2 ; 79 percent of the basin is in Colorado, 15 percent is in Nebraska, and 6 percent is in Wyoming (Dennehy, 1991 Figure 1 . Location of the study unit and selected cities and streams in the South Platte River Basin.
Platte, Nebraska. The major tributaries of the South Platte River (Clear Creek, St. Vrain Creek, Big Thompson River, and Cache La Poudre River) are perennial streams that originate in the Rocky Mountains; plains streams (Kiowa Creek, Bijou Creek, Beaver Creek, and Lodgepole Creek) are ephemeral and contribute little water to the South Platte River during most years. The South Platte alluvial-aquifer system, which is 4,000 mi2 in area and is located in the alluvial valley and benchlands of the South Platte River and its tributaries, is hydraulically connected to the river and contributes substantially to streamflow in the river. The South Platte River has become a drain for groundwater irrigation return flows from adjacent agricultural lands, and the return flow affects water quality in the river (Dennehy and others, 1993) . In a study of available water-quality data in the basin during 1980-92, Dennehy and others (1995) determined that nutrient concentrations were largest in urban and agricultural land-use areas. Information about the water-quality effects of other basin characteristics, such as physiography, climate, geology, soils, land use, and water use, is included in Dennehy and others (1993) .
NUTRIENT SOURCES
To manage nutrients in rivers, sources of nutrients to rivers need to be identified and quantified. Since the passage of the Federal Water Pollution Control Act Amendments of 1972 [also referred to as the Clean Water Act (Public Law 92-500)], much effort has been directed toward controlling point sources of nutrients to rivers. Point sources are sources that exist at a specific location, such as the discharge of municipal wastewater-treatment-plant effluent into a river. However, the importance of nonpoint sources of nutrients also is recognized. Nonpoint sources are diffuse sources that cannot be assigned a single location, such as storm runoff into rivers and ground-water discharge into rivers. Nonpoint sources generally carry nutrients that are present on the land surface. Human activities have become an important contributor of nutrients to the land surface; for example, the use of nitrogen fertilizers in the United States increased twentyfold between 1945 , and phosphorus use tripled (Puckert, 1995 . The atmosphere also contributes nutrients (natural and anthropogenic) to the land surface through wet and dry deposition. Annual inputs of nutrients from urban, agricultural, and atmospheric sources are estimated in the following sections. The inputs arc based on data sets collected from 1980 to 1993, and the estimates are assumed to be representative for the study period .
Urban
Urban land use ( fig. 2 ) is a source of nutrients primarily through point-source discharges from municipal wastewater-treatment plants. There are more than 100 municipal wastewater-treatment plants in the South Platte River Basin. The locations of the 29 largest wastewater-treatment plants, which discharge at least 1.0 Mgal/d, are shown in figure 2. Together, these plants discharge 277 Mgal/d of effluent, which is about 95 percent of the total wastewater-treatment-plant discharge in the basin. Effluent discharges from individual plants can make up a substantial part of the streamflow downstream from the discharge points. For example, Metro Wastewater Reclamation District annually contributes about 69 percent of the flow and as much as 100 percent of the flow on a given day in the South Platte River downstream from the discharge point (Dennehy and others, 1995) .
Nutrient inputs from the 29 largest wastewatertreatment plants in the basin were estimated by using available data from the USEPA National Pollution Discharge Elimination System data base and by using data collected directly from the wastewater-treatment plants. Inputs were estimated by multiplying the 1993 median wastewater-treatment-plant discharge by 1993 median nutrient-constituent concentrations. Discharge data were available from wastewater-treatment plants, but only limited nutrient-concentration data (primarily ammonium data) were available. Using the available data, methods were developed to estimate nutrient concentrations for sites that had no data (Matthew Pocernich, Colorado State University, written commun., 1995). The estimated nitrogen input to the basin from the 29 wastewater-treatment plants for 1993 was 7,000 tons, and the estimated phosphorus input was 1,200 tons (table 1). The nitrogen input was 38 percent ammonium, 36 percent nitrite plus nitrate, and 26 percent total organic nitrogen. The phosphorus input predominantly was dissolved orthophosphate.
The wastewater-treatment-plant inputs, summed by the reach of the South Platte River in which they are located, are shown in figure 3 ; the reach sums include wastewater-treatment-plant inputs located on tributary streams in each reach. However, not all wastewater- , 1995) . This rate would amount to an input of 7,000 tons of nitrogen per year (table 1) over the total urban land-use area (470,000 acres) ( fig. 2 ) in the basin. Part of this land-based nutrient input might be conveyed to rivers via storm runoff or ground-water discharge. Urban storm runoff in the Denver metropolitan area contains elevated concentrations of nitrogen and phosphorus, but storms are of short duration so that annual storm-runoff contributions to instream nutrient loads are small. Ellis and others (1984) estimated that storm runoff contributed 5 percent (80 tons) of the total nitrogen load and 6 percent (22 tons) of the total phosphorus load at a site on the South Platte River downstream from the Denver metropolitan area during the April through September 1981 storm season. These data indicated that nutrient loads from urban storm runoff were substantially smaller than nutrient loads from wastewater-treatment plants.
Agricultural
Agricultural land use ( fig. 2 ) is a source of nutrients primarily through fertilizer and manure that are applied to crops, which were estimated to be 226,000 tons/yr of nitrogen and 40,000 tons/yr of phosphorus for all counties in the South Platte River Basin (table 1) . These estimates represent an upper limit for actual applications because the estimates are the sum of county applications even though some parts of a county might not be completely in the South Platte River Basin. The county fertilizer inputs were calculated based on fertilizer sales data from the U.S. Department of Agriculture for 1991 (Battaglin and Goolsby, 1995) ; the county manure inputs were calculated based on county animal populations from the U.S. Department of Agriculture for 1987 (Richard Alexander, U.S. Geological Survey, written commun., 1992). The fertilizer and manure nitrogen inputs, when averaged over the total agricultural land area of the basin, equaled about 80 Ib of nitrogen per acre. However, much of the agricultural inputs are concentrated in the irrigated alluvial lands where corn is grown for silage and feedlots are common. Fertilizer and manure inputs in these lands most likely are substantially larger than the overall average. Large quantities of nutrients in manure are generated at cattle feedlots, but feedlots are designed to retain these nutrients (Borman, 1981) . Feedlot manure generally is trucked to nearby farms for land application. In the United States, fanners are estimated to apply from 24 to 38 percent more fertilizer than crops need (Trachtenberg and Ogg, 1994) , so some excess nutrients might be available in the soil and might be transported to streams by storm runoff or ground-water discharge. In an area near Greeley, elevated nitrate concentrations in ground water have been detected in agricultural areas surrounding feedlots (Schuff, 1992) .
Atmospheric
Atmospheric deposition was estimated to contribute 66,000 tons of nitrogen to the basin annually (table 1). This estimate was based on nitrate-and ammonium-concentration data for 1980-91 from five National Atmospheric Deposition Program/ National Trend Network (NADP/NTN) precipitation sites in the basin [National Atmospheric Deposition Program (NRSP-3)/National Trends Network, 1992]; phosphorus-concentration data were not available. The nitrogen estimate was calculated by assigning volumeweighted annual average nitrogen concentrations from the five NADP/NTN sites to nearby parts of the basin and, then, by multiplying the assigned concentrations by the long-term average annual precipitation for each part of the basin. The NADP/NTN site concentrations were assumed to be representative of the nearby parts of the basin. Small areas of the basin (such as urban areas) might have substantially different nitrogen concentrations in precipitation, but the size of these anomalous areas was assumed to be small enough so that the basin estimate was not affected. About 70 percent of the atmospheric nitrogen input occurs over the forested or rangeland parts of the basin. However, streams in forested and rangeland areas have significantly smaller nitrogen concentrations than streams in urban and agricultural land-use areas (Dennehy and others, 1995) , which indicates that large nutrient concentrations in streams are more a result of fertilizer, manure, and wastewater-treatment-plant inputs than of atmospheric inputs.
NUTRIENT LOADS
Instream nutrient loads are the product of streamflow and nutrient concentrations in the water. To characterize nutrient loads in the South Platte River during different seasons, streamflow and nutrientconcentration data were collected as part of five nutrient synoptic samplings during 1994 and 1995.
Data Collection
Synoptic sampling is designed to characterize water quality in a large area by collecting a large number of samples during a short time period. To ensure that data along a river system are comparable, sampling schedules are designed to follow a parcel of water as it flows downstream through the system. For this study, the timing of sampling was approximate because detailed information about time of travel was not available for the entire South Platte River. Where time-oftravel data were lacking, sites were sampled within a few days of each other; the total time of travel between Denver and North Platte, Nebraska, was estimated to be 10 days.
Synoptic sampling occurred at a total of 41 sites ( fig. 4 and table 3 in the "Supplemental Data" section at the back of the report). The April 1994 and January 1995 synoptic samplings were designed to occur before and after the irrigation season to enable calculation of mass balances while minimizing the effect of irrigation inputs and outputs. The May, June, and August 1994 synoptic samplings were designed to examine variability in nutrient loads during the irrigation season.
Thirty-six sites (26 main-stem sites and 10 tributary sites) were sampled during the April synoptic sampling (April \2-May 3, 1994); 15 sites (10 main-stem sites and 5 tributary sites) were sampled during the May synoptic sampling (May 9-11, 1995); 15 sites (10 main-stem sites and 5 tributary sites) were sampled during the June synoptic sampling (May 31 June 2, 1994); 18 sites (10 main-stem sites and 8 tributary sites) were sampled during the August synoptic sampling (August 29-31, 1994) ; and 38 sites (26 mainstem sites and 12 tributary sites) were sampled during the January synoptic sampling (January 9-20, 1995) .
Water samples were collected using standard USGS depth-and width-integrating procedures (Edwards and Glysson, 1988; Shelton, 1994) . Field parameters measured at the time of sampling included streamflow, specific conductance, hydrogen-ion activity (pH), water temperature, and dissolvedoxygen concentration. Raw and filtered samples were preserved with mercuric chloride (except for the January 1995 synoptic sampling because use of mercuric chloride as a preservative was discontinued by the USGS in October 1994), chilled, and sent to the USGS National Water-Quality Laboratory in Arvada, Colorado, for analysis. Water samples were analyzed for dissolved ammonium, dissolved nitrite, dissolved nitrite plus nitrate, dissolved organic nitrogen plus ammonium, total organic nitrogen plus ammonium, dissolved orthophosphate, dissolved phosphorus, and total phosphorus, using methods documented in Patton and Truitt (1992) and Fishman (1993) . All nitrogen species concentrations were reported as nitrogen, and all phosphorus species concentrations were reported as phosphorus. The nutrient data are summarized in table 3 in the "Supplemental Data" section at the back of the report. Nutrient species concentrations discussed in this report can be calculated based on the data in table 3. Total organic nitrogen is calculated by subtracting ammonium from total organic nitrogen plus ammonium. Total nitrogen is calculated as the sum of total organic nitrogen plus ammonium and dissolved nitrite plus nitrate. Suspended phosphorus is calculated by subtracting dissolved phosphorus from total phosphorus.
Quality-control data (table 2) indicated that the nutrient results were reliable. Analyses of 14 field blanks resulted in 24 detections out of 112 analyses, but these detections were all within 0.02 mg/L of the minimum reporting level. Dissolved ammonium was detected in 10 of the 14 blanks, and total phosphorus was detected in 7 of the 14 blanks; the concentrations detected were small (table 2), but the data indicated that a small positive bias might exist in the dissolvedammonium and total phosphorus data. The median field-blank concentration for ammonium was 10 percent of the median environmental-sample concentration, and the median field-blank concentration for total phosphorus was 1 percent of the median environmental-sample concentration. Analyses of 16 sets of replicates indicated that reproducibility of results was good; the median difference between replicates ranged from 1 percent for dissolved nitrite to 8 percent for dissolved organic nitrogen plus ammonium.
Concentration Variation
The April 1994 ( fig. 5 ) and January 1995 ( fig. 6 ) synoptic samplings provided detailed information about nutrient-concentration patterns in the South Platte River. Data for tributary sites are not shown in these figures but are listed in table 3.
Dissolved-ammonium concentrations in the South Platte River were large downstream from wastewater-treatment plants in the Denver area (figs. 5Band 66), but decreased downstream as ammonium was used by biota or converted to nitrate by bacteria (nitrification). Ammonium concentrations in the South Platte River and in tributary streams (table 3) generally were largest in January. These large concentrations might be due to decreased rates of biotic uptake and nitrification in the winter; also, some wastewatertreatment plants discharge more ammonium in the winter in accordance with their discharge permits (Matthew Pocernich, Colorado State University, written commun., 1995). Un-ionized ammonia concentrations, which were calculated based on pH, water temperature, and dissolved-ammonium concentrations, were less than the State of Colorado chronic standards for un-ionized ammonia for segments of the South Platte River (Colorado Department of Health, 1993) during the five synoptic samplings, except during April when the un-ionized ammonia concentration at South Platte River at Henderson (0.11 mg/L) was larger than the chronic standard for that segment (0.10 mg/L).
Dissolved nitrite plus nitrate was the predominant nitrogen species in the South Platte River (figs. 5B and 66). Although the South Platte River is not classified for water-supply use downstream from Big Dry Creek (river mile 61.8), the drinking water MCL of 10 mg/L for nitrate is a useful point of reference for nitrate concentrations; and nowhere on the South Platte River during the five synoptic samplings did the concentration of nitrate exceed 10 mg/L. Total organic nitrogen composed an average of 14 percent of the total nitrogen concentration at sites along the South Platte River (figs. 58and 6fi). Concentrations were largest at Henderson and gradually decreased downstream.
Dissolved-phosphorus concentrations in the South Platte River (figs. 5D and 6D) generally were larger from Denver to Balzac than the USEPA recommended limit for control of eutrophication (0.1 mg/L). Dissolved orthophosphate composed an average of 90 percent of the dissolved-phosphorus concentration. Suspended-phosphorus concentrations were small and composed an average of 20 percent of the total phosphorus concentration.
Upstream from Denver, total nitrogen concentrations (figs. 5B and 66) were less than 2 mg/L, and total phosphorus concentrations (figs. 5Dand 6D) were less than 0.2 mg/L. The water in the river upstream from Denver was derived mostly from forested land in the mountains. Total nutrient concentrations increased through the Denver metropolitan area with concentration peaks just downstream from each of Denver's largest wasteWater-treatment plants, and maximum concentrations were 13.6 mg/L total nitrogen and 2.4 mg/L total phosphorus. Total nitrogen concentrations then decreased from Henderson to Balzac, except for a local peak near Kersey; total phosphorus concentrations decreased from Henderson to Balzac. From Balzac to North Platte, Nebraska, nutrient concentrations varied little. Concentrations generally were similar for the April 1994 and January 1995 synoptic samplings, except that concentrations upstream from Balzac were larger in January than in April.
Load Variation
Total nitrogen and phosphorus loads in the South Platte River during April 1994 are shown in figures 5C and 5E, and loads for January 1995 are shown in figures 6C and 6E. Loads calculated from a single sample are instantaneous loads because they represent a single point in time. In most of the river, conditions do not change greatly in the course of a day, so loads can be extrapolated to pounds per day (Ib/d), which is the unit used in figures 5 and 6. A scale for tons per year (tons/yr) also is depicted in figures 5 and 6 so that instream loads can be compared to nutrientsource inputs, but extrapolation to this time scale is very approximate.
Upstream from Denver, total nitrogen loads (figs. 5C and 6C) were less than 1,000 Ib/d, and total phosphorus loads (figs. 5Fand 6E) were less than 125 Ib/d. Total nutrient loads increased through the Denver metropolitan area, and load peaks occurred just downstream from each of Denver's largest wastewater-treatment plants, with a maximum load of 14,000 Ib/d total nitrogen and 2,300 Ib/d total phosphorus. In April 1994, nutrient loads generally decreased from Henderson to North Platte. In January 1995, however, nutrient loads increased from Henderson to Kersey (maximum loads of 31,000 Ib/d total nitrogen and 3,000 Ib/d total phosphorus) and then decreased from Kersey to North Platte.
Nutrient loads are the product of concentration and streamflow, and streamflow variations were large during April 1994 and January 1995 synoptics (figs. 5 A and 6 A). Surface-water inputs to the river were similar during both synoptics: wastewater-treatment plants in the Denver area added about 200 fVVs to the river, and three large tributary streams added about 400 fVVs to the river between Henderson and Kersey. The streamflow patterns depended primarily on which irrigation diversions were active. Thirty-nine irrigation ditches were active during April 1994 and removed a total of 2,000 fVVs of water from the river. These small diversion ditches were in operation primarily to saturate the water table beneath ditches and to wet the soil profile in fields. Most diversions were small (average of 52 frVs) and occurred all along the river. The river maintains streamflow due to ground-water discharge into the river. During January 1995, only nine ditches were active, and they removed a total of 1,400 frVs of water from the river. Most of the large ditches are located downstream from Kersey and generally operate from November through April to fill offstream irrigation reservoirs. During January, no ditches were in operation from Henderson to Kersey, so streamflow increased throughout the reach.
Nitrogen-load patterns had the same general shape as the streamflow patterns, which indicated that water inputs to the river had nitrogen concentrations similar to nitrogen concentrations already in the river. However, the composition of the nitrogen load in the river changed from equal proportions of ammonium and nitrate near Henderson to a nitrate-dominated load at and downstream from Kersey. Phosphorus-load patterns did not match streamflow patterns as well, especially downstream from Kersey, where phosphorus loads did not increase as streamflow increased. This lack of increase indicated that water inputs to the river have smaller phosphorus concentrations than the concentrations already in the river.
Seasonal nutrient loads primarily also were dependent on streamflow as indicated by data from the five synoptic samplings conducted during 1994 95 ( fig. 7) . In this figure, loads are shown only for the 10 main-stem sites that were sampled during all five synoptic samplings. Total nitrogen loads were largest in June 1994 and January 1995 when streamflows also were largest. During January, streamflow was moderately large, whereas nitrogen concentrations were large. During June, streamflow was large, whereas nitrogen concentrations were small, which indicated that snowmelt runoff diluted the available supply of nitrogen. Total phosphorus loads were largest in June, when streamflow and phosphorus concentrations were both large, which indicated an additional source of phosphorus during snowmelt runoff, most likely from overland runoff or resuspension of bed material. This conclusion is supported by the fact that, at Kersey during June, about 70 percent of the phosphorus was in the suspended phase, whereas in January, only 3 percent was in the suspended phase. Data from NAWQA monitoring sites in agricultural areas in the South Platte River Basin others, 1994, 1995) also indicated that paniculate nutrients (suspended organic nitrogen and suspended phosphorus) increased as streamflow increased during runoff. Streamflow and nutrient loads in the South Platte River generally were smallest in April and August 1994.
The downstream pattern of nutrient loads did not vary much between the five synoptic samplings ( fig. 7) . During each of the five synoptic samplings, loads were large at Henderson, decreased between Henderson and Kersey, and usually were largest at Kersey. The magnitude of the decrease in loads between Henderson and Kersey varied between synoptic samplings and was dependent on the amount of water removed by irrigation ditches. During each of the five synoptic samplings, loads decreased to low levels downstream from Kersey. Nutrient loads at North Platte, Nebraska, did not vary much between the five synoptic samplings compared to loads at other sites. The median nitrogen load at North Platte was 1,800 Ib/d, which is equivalent to 340 tons/yr; and the median phosphorus load was 66 Ib/d, or 12 tons/yr. These annual nutrient loads leaving the basin were very small compared to the estimated total nutrient inputs to the basin and were even small compared to the wastewater-treatment-plant inputs.
Sources of Instream Loads
The source of nutrient loads in the South Platte River can be estimated through the use of nutrient-load balances, which can be calculated for reaches along the South Platte River by using the data collected during the April 1994 and January 1995 synoptic samplings. As a first step, streamflow balances for reaches along the South Platte River were calculated by summing surface-water outputs along a reach and subtracting surface-water inputs along that same reach. Positive streamflow-balance residuals were attributed to ground-water discharge from the alluvial aquifer to the river. Streamflow balances were only calculated for the river downstream from river mile 80. Hourly flow variability in the river upstream from this point was large due to fluctuating wastewater-treatment-plant discharges. These fluctuating discharges cause ground-water-discharge rates to change in magnitude and in direction of flow during the course of a day (McMahon and others, 1995) . Also, during January 1995, the river was affected by ice cover and ice jams downstream from river mile 260, which caused channel storage so that streamflow balances could not be computed for the affected reaches. 
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Streamflow-balance residuals were positive during both synoptic samplings ( fig. 8) (Hurr and others, 1975; Ruddy, 1984; Wind, 1994) . The downstream variability in streamflow residuals could be due to aquifer morphology and the proximity of irrigation canals, irrigation reservoirs, and ground-water augmentation ponds to the river. These large streamflow residuals indicated that the South Platte River downstream from Kersey is essentially a recycled river a substantial part of the water that is removed from the river for irrigation infiltrates into the aquifer and eventually returns to the river. Surface water diverted out of the river downstream from Kersey during April 1994 (1,485 ft3/s) was replaced by a similar amount of ground water discharged to the river (1,430 frVs).
Nutrient-load balances also were calculated for reaches of the river downstream from river mile 80. Nitrate-load residuals generally were large, nitrite-and organic-nitrogen-load residuals were small, and ammonium-load residuals were small and negative. Dividing load residuals, in pounds per day, by streamflow residuals, in cubic feet per second, provided a residual concentration, in milligrams per liter, for comparing reaches; residual concentrations for nitrate and ammonium during the April 1994 and January 1995 synoptic samplings are shown in figure 9 . Near Kersey, large positive residual concentrations for nitrate and smaller negative residual concentrations for ammonium were calculated. These residual concentrations indicated that ammonium was being converted to nitrate (nitrification). However, farther downstream from Kersey, residual concentrations for ammonium were small and residual concentrations for nitrate remained large, which indicated that most of the nitrate-load increases in this part of the river were due to nitrate in ground water discharging to the river. Nitrate concentrations in alluvial ground water along the South Platte River were larger than the estimated residual concentrations for nitrate (Breton W. Bruce, U.S. Geological Survey, written commun., 1995), indi- eating that denitrification of incoming ground water is an important process throughout the length of the river. Other USGS data (Peter B. McMahon, U.S. Geological Survey, oral commun., 1995) indicated that denitrifying bacteria removed from 15 to 30 percent of nitrate in ground water as it moved from its source beneath agricultural fields to where it discharged into the South Platte River and that denitrification continued in the river environment as surface water migrated in and out of the riverbed sediments as the water traveled downstream. Phosphorus-load residuals were small along the river, which indicated that ground water was not an important source of phosphorus to the river. Phosphorus concentrations generally were small in alluvial ground water along the South Platte River 30 wells sampled by the USGS as part of the NAWQA Program had a medjan dissolved-phosphorus concentration of 0.05 mg/L (Breton W. Bruce, written commun., 1995).
Nutrient-load data from the April 1994 and January 1995 synoptic samplings also were used to estimate the proportional contribution to river nitrogen loads from wastewater-treatment plants. For each reach, measured contributions from wastewater-treatment plants were accrued. Removal of water from the river did not change the source proportion. Groundwater nutrient input into a reach was assumed to consist of nonpoint-source nitrogen and, therefore, was assumed to decrease the wastewater-treatment-plant proportion. Nitrogen loads in the river at Henderson ( fig. 10X\ ) were almost entirely due to wastewatertreatment-plant discharges. From Henderson to Balzac, the wastewater-treatment-plant proportion steadily decreased as water that was removed from the river was replaced by ground water. About 60 mi downstream from Denver (river mile 100), the proportion of the nitrogen load attributable to wastewatertreatment plants made up less than 50 percent of the total nitrogen load in the river. Nitrogen loads from wastewater-treatment plants remained in the river farther downstream in January 1995 than in April 1994 because irrigation diversions between Henderson and Kersey were smaller in January.
A second measure of wastewater-treatment-plant contribution to river water is the concentration ratio of nitrogen to phosphorus in the water. The concentration ratio for effluent from wastewater-treatment plants in the South Platte River Basin was 6, whereas the ratio in nonpoint-source-dominated water generally is greater than 10 ( Sharpley and others, 1994) . Based on this measure, the river becomes nonpoint-source dominated ( fig. lOfi) at about river mile 100, which also is where nutrient-load-balance data indicated that the proportion of wastewater-treatment-plant loads was less than 50 percent.
SUMMARY
The South Platte River Basin was 1 of 20 river basins selected in 1991 for investigation as part of the U.S. Geological Survey's National Water-Quality Assessment Program. Nutrient concentrations in surface water of the South Platte River are large compared to concentrations in other NAWQA river basins. Therefore, the source of nutrients to the surface-water system is of particular interest in the South Platte River Basin. This report presents estimates of the magnitude of nutrient-source inputs to the South Platte River Basin, describes nutrient concentrations and loads in the South Platte River during different seasons, and presents comparisons of these inputs to estimated instream nutrient loads.
The South Platte River Basin has a drainage area of about 24,300 mi2. The South Platte River originates in the mountains of central Colorado and flows about 450 mi northeast across the Great Plains to the confluence with the North Platte River at North Platte, Nebraska. The South Platte alluvial-aquifer system, located in the alluvial valley and benchlands of the South Platte River and its tributaries, is hydraulically connected to the river and contributes substantially to streamflow in the river.
Nutrient sources from urban land use include wastewater-treatment-plant discharges and urban fertilizer applications. Discharges from the 29 largest wastewater-treatment plants in the basin were estimated for 1993 to total 7,000 tons of nitrogen and 1,200 tons of phosphorus. Urban lawn fertilization was estimated to total 7,000 tons of nitrogen per year applied to the urban lands in the basin. A part of the urban fertilizer input can reach streams through storm runoff or ground-water discharge; however, a previous study indicated that storm runoff in the Denver, Colorado, metropolitan area contributed only 5 percent of the total instream nutrient load downstream from Denver.
Nutrient sources from agricultural land use primarily are through fertilizer and manure that are applied to fields and were estimated to be 226,000 tons/yr of nitrogen and 40,000 tons/yr of phosphorus for all counties in the South Platte River Basin. Excess nutrients from these applications can be available in the soil and might be transported to streams by storm runoff or ground-water discharge. In an area near Greeley, Colorado, previous studies have detected elevated nitrate concentrations in ground water in agricultural areas surrounding feedlots.
Atmospheric deposition was estimated to contribute 66,000 tons of nitrogen to the basin annually. About 70 percent of the atmospheric nitrogen input occurs over the forested or rangeland parts of the basin. However, previous studies have determined that streams in forested and rangeland areas have significantly smaller nitrogen concentrations than streams in urban and agricultural land-use areas. These smaller nitrogen concentrations indicated that large nutrient concentrations in streams are more dependent on fertilizer, manure, and wastewater-treatment-plant inputs than on atmospheric inputs.
To characterize nutrient concentrations and loads in the South Platte River during different seasons, five nutrient synoptic samplings were conducted during 1994 and 1995. Synoptic sampling occurred at a total of 41 sites. April 1994 and January 1995 synoptic samplings were designed to occur before and after the irrigation season to enable calculation of mass balances while minimizing the effect of irrigation inputs and outputs. May, June, and August 1994 synoptic samplings were designed to examine variability in nutrient loads during the irrigation season.
Upstream from Denver during April 1994 and January 1995, total nitrogen concentrations were less than 2 mg/L, and total phosphorus concentrations were less than 0.2 mg/L. The water in the river at this point was derived mostly from forested land in the mountains west of Denver, Total nutrient concentrations increased through the Denver metropolitan area, and concentration peaks occurred just downstream from each of Denver's largest wastewater-treatment plants with maximum concentrations of 13.6 mg/L total nitrogen and 2.4 mg/L total phosphorus. Total nitrogen concentrations then decreased from Henderson, Colorado, to Balzac, Colorado, except for a local peak near Kersey, Colorado. Total phosphorus concentrations decreased from Henderson to Balzac. From Balzac to North Platte, Nebraska, nutrient concentrations varied little. Dissolved nitrite plus nitrate was the predominant nitrogen species in the South Platte River.
Upstream from Denver during April 1994 and January 1995, total nitrogen loads were less than 1,000 Ib/d, and total phosphorus loads were less than 125 Ib/d. Total nutrient loads increased through the Denver metropolitan area, and load peaks occurred just downstream from each of Denver's largest wastewater-treatment plants, with a maximum load of 14,000 Ib/d total nitrogen and 2,300 Ib/d total phosphorus. In April 1994, nutrient loads generally decreased from Henderson to North Platte. In January 1995, however, nutrient loads increased from Henderson to Kersey (maximum loads of 31,000 Ib/d total nitrogen and 3,000 Ib/d total phosphorus), and then decreased from Kersey to North Platte.
Nitrogen-load patterns had the same general shape as the streamflow patterns, which indicated that water inputs to the river had nitrogen concentrations similar to nitrogen concentrations already in the river. However, the composition of the nitrogen load in the river changed from equal proportions of ammonium and nitrate near Henderson to a nitrate-dominated load at and downstream from Kersey. Phosphorusload patterns did not match streamflow patterns as well, especially downstream from Kersey, where phosphorus-load increases did not match streamflow increases. This lack of increase indicated that water inputs to the river had smaller phosphorus concentrations than the concentrations already in the river.
Seasonal nutrient loads also primarily were dependent on streamflow. Total nitrogen loads were largest in June 1994 and January 1995 when streamflows also were largest. During January, streamflow was moderately large, whereas nitrogen concentrations were large. During June, streamflow was large, whereas nitrogen concentrations were small, which indicated that snowmelt runoff diluted the available supply of nitrogen. Total phosphorus loads were largest in June, when streamflow and phosphorus concentrations were both large, which indicated an additional source of phosphorus during snowmelt runoff, most likely from overland runoff or resuspension of bed material. Streamflow in the South Platte River was small in April and August 1994, and nutrient loads also were small during these months.
The downstream pattern of nutrient loads did not vary much between the five nutrient synoptic samplings. Loads were large at Henderson, decreased between Henderson and Kersey, and usually were largest at Kersey. The magnitude of the decrease in loads between Henderson and Kersey varied between synoptic samplings and was dependent on the amount of water removed by irrigation ditches. The median nitrogen load at North Platte was 340 tons/yr, and the median phosphorus load was 12 tons/yr. These annual nutrient loads leaving the basin were very small compared to the estimated total nutrient inputs to the basin.
Streamflow-balance and nutrient-load-balance residuals were calculated by using the data collected during the April 1994 and January 1995 synoptic samplings. Near Kersey, streamflow-balance residuals were about 3 [(ftVsymi]. Residuals increased to about 15 [(fVVsymi] just downstream from Kersey and then generally decreased in a downstream direction to about 1 [(frVsymi]. The large residuals indicated that the South Platte River downstream from Kersey is essentially a recycled river; a substantial part of the water that is removed from the river for irrigation infiltrates into the aquifer and eventually returns to the river. Surface water diverted out of the river downstream from Kersey during April 1994 (1,485^/8) was replaced by a similar amount of ground water discharged to the river (1,430 f^/s).
For reaches on the South Platte River, nitrate-load residuals were large, nitrite-and organicnitrogen-load residuals were small, and ammoniumload residuals primarily were small and negative. Near Kersey, large positive residual concentrations for nitrate and smaller negative residual concentrations for ammonium were calculated, which indicated that ammonium was being converted to nitrate (nitrification). However, farther downstream from Kersey, residual concentrations of ammonium were small, and residual concentrations of nitrate remained large, which indicated that most of the nitrate-load increases in this part of the river were due to nitrate in ground water discharging to the river. Phosphorus-load residuals were small along the river, which indicated that ground water was not an important source of phosphorus to the river.
Nutrient-load data from the April 1994 and January 1995 synoptic samplings also were used to estimate the proportional contribution to river nitrogen loads from wastewater-treatment plants. Nitrogen loads in the river at Henderson were almost entirely due to wastewater-treatment-plant discharges. From Henderson to Balzac, the wastewater-treatment-plant proportion steadily decreased as water that was removed from the river was replaced by ground water. About 60 mi downstream from Denver, the proportion of the nitrogen load attributable to wastewater-treatment plants made up less than 50 percent of the total nitrogen load in the river. Nitrogen loads from wastewater-treatment plants remained in the river farther downstream in January 1995 than in April 1994 because irrigation diversions between Henderson and Kersey were smaller in January.
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